Nanoporous Substrate-Infiltrated Hydrogels: a Bioinspired Regenerable Surface for High Load Bearing and Tunable Friction by Ma, S et al.
  
Supplementary materials 
 
Nano-porous substrate-infiltrated hydrogels: a bio-inspired 
regenerable surface for high load bearing and tunable friction 
 
Shuanhong Ma, M. Scaraggi, Daoai Wang, Xiaolong Wang, Yongmin Liang, Weimin Liu, D. 
Dini* and Feng Zhou*  
 
Dr. S. Ma, Prof. D. Wang, Prof. X. Wang, Prof. Y. Liang, Prof. W. Liu, Prof. F. Zhou  
State Key Laboratory of Solid Lubrication, Lanzhou Institute of Chemical Physics, Chinese 
Academy of Sciences, Lanzhou, 730000, China 
 
E-mail: zhouf@licp.cas.cn 
Dr. S. Ma, 
China, University of the Chinese Academy of Sciences, Beijing, 100049, China 
 
Dr. M. Scaraggi, 
DII, Universitá del Salento, 73100 Monteroni-Lecce, Italy, EU  
 
Dr. D. Dini  
Imperial College London, United Kingdom, EU 
E-mail:d.dini@imperial.ac.uk 
 
 
 
 
S1: Ultra-low sliding friction of fish skin lubricated with epidermal mucus 
In this section we describe the ultra-slippery characteristics of the eel surface as induced 
by the ejection (by osmosis) of mucus from an array of micro-channels embedded in the epidermis, 
see Figure S1. In particular, as shown in Figure S2, the eel epidermis alone [i.e. detached from the 
underlying corium, (b)] have a relatively large friction coefficient both in water and in eel mucus 
lubrication bath. However, when the epidermis keeps the natural bonding state to the 
corium/tissue, an ultra-low friction coefficient ( 𝜇 < 0.01 ) is manifested in both lubrication 
environments, due to the eel characteristics to provide a stress-activated fast mucus ejection in the 
contact interface. 
The eel epidermis friction is measured recurring to a 14-FW Statnamic Tribometer 
(HEIDON Co., Ltd.), under face-to-face (conformal) contact mode. In particular, the epidermis 
and underlying corium/bulk tissue, within a total thickness of 5mm, was cut into rectangular 
  
prisms of 50 × 20mm, accurately resized to 20 × 20mm (the skin must be processed very flat), 
and finally fixed onto the tribometer plate. The friction is then measured under a constant load of 
1N and sliding velocity of 20mm/min. The ejected epidermal mucus and fresh deionized water 
were used as lubricant. 
 
 
 
 
Figure S1: Eel image (left) and corresponding SEM microscopy acquisition of the textured 
epidermis consituted by an array of micro-channels extending through the eel epidermis thickness 
(right). 
 
 
 
 
 
Figure S2: Eel skin wet sliding friction as measured on the epidermis under skin mucus (left) and 
pure water (right) lubricant bath. (a) the adopted epidermis is (naturally) bonded on the 
corium/bulk tisse, (b) the adopted epidermis is previously disjoined from the underlying corium, 
and then tested separately. 
 
  
S2: Experimental details on the electrochemical fabrication of nanoporous anodic aluminum 
oxide (AAO) 
Nano-porous anodic alumina (AAO) template was prepared using a two-step anodized 
approach. In particular, a high purity aluminum block (6 × 5 × 0.1cm) was subjected to a process 
of annealing at 500 oC for 5h under N2 stream, and then was etched in 1.0M NaOH for 30s 
for surface activation. The activated aluminum was electrochemically polished in liquid mixture 
of HClO4 and C2H5OH (1:4) for 5min at 0 
𝑜C (current density > 100𝑚𝐴/𝑐m2). Moreover, 
the polished aluminum was got through the first anodic oxidation in 0.3M oxalic acid solution at 
0 oC (60V for 3h) using graphite as cathode, and then was immersed into the mixture liquid of 
H2CrO4 (0.3M) and H3PO4 (0.4M) to remove the oxidation films. Then, a second anodic oxidation 
was performed under the same conditions (for 4h). The obtained alumina substrate was activated 
in H3PO4 (5%) for 5min to enlarge the pore size. 
 
S3: Details on the friction and roughness properties of the contact surfaces 
The macroscopic friction tests are performed on a conventional pin-on-disk reciprocating 
tribometer, Universal Micro-Tribometer (UMT-2, CETR), under fixed sliding distance of 5mm, 
whereas the mean sliding speed is regulated by varying the reciprocating frequency. Elastomeric 
poly-dimethylsiloxane (PDMS, prepared from the SYLGARD 184 kit, Dow corning, Midland, MI, 
USA) hemispheres with a diameter of 6mm are adopted as a pin. In order to prepare PDMS pins 
with hemispherical ends, a polystyrene 96-well cell culture plate with round-shaped well (diameter 
6mm, Dow corning) is used as a mold template. In particular, the base and curing agents of 
SYLGARD 184 elastomer kit are mixed at 10:1 weight ratio, and poured into the template. After 
removing bubbles under low vacuum, the mold is then cured in oven (80𝑜C) for 2h. 
Several solution pH values (2, 3, 4, 5, 7.5, 10 and 12) were adopted in the experiments  in 
order to investigate the pH-dependence of friction. Typically, before the onset of the friction test, 
the nano-porous substrate-infiltrated hydrogel slab was glued on the reciprocating plate, and the 
gel fibers array mechanically produced after peeling-off of the top gel layer, as schematically 
described in Figure S3. Then, the gel fibers array is wetted by the solution and is let to reach the 
steady swollen condition, for 30min, before the reciprocating friction test to begin. Friction 
measurements have been performed under a wide range of operating conditions, as an example, 
friction has been measured in low concentration (10 mM) and moderate concentration (1000 mM) 
  
NaCl solution, showing moderate friction values, whereas friction was observed to highly increase 
at high concentration (5000 mM), see Figure S4 and the analytical model below. 
 
 
 
Figure S3: Schematic representation of the mechanisms of extraction of the gel fibers array from 
the nano-porous substrate. (1) After dehydration, the top (bulk) hydrogel layer is subjected to a 
high stress concentration in proximity of the junctions with the fibers which, (2) after application 
of a further tensile stress to the top bulk, are let to slide against friction in the nano-pores until the 
ultimate stress is reached and (3) the fibers detachment occurs. 
 
 
Figure S4: Friction coefficient as a function of time for the dense PAA gel film in NaCl solution 
with concentration of 10 mM, 1000 Mm and 5000 mM. The sliding velocity is 0.01 m/s, and the 
normal load 20 N. 
 
Furthermore, after the friction test the fibers hydrogel layer could be easily regenerated, and in 
  
particular after dehydration the resulting gel layer (see Figure S5) can be peeled off from the AAO 
substrate. This leads to the extraction of new gel fibers, as schematically shown in Figure S3. 
 
 
 
Figure S5: SEM micrograph of the dry peeled gel film from an untested PAA gel fibers array. 
 
The role of small area density of the PAA gel fibers on the formation of the run-in 𝜇𝑚-thin 
hydrogel layer has been also investigated, see Figure S6a-c. In particular, we observe the fibers to 
aggregate in clusters as a consequence of the competition between elastically stored energy upon 
fiber bending and the total cluster adhesion energy1, Figure S5a-b, whereas fibers close to the 
cluster boundaries are not able to store the elastic energy without being damaged (so that they just 
snap in contact), Figure S6c. Thus, the obtained discontinuous hydrogel film is not able to 
withstand load with ultra-low friction (see Figure S7). 
 
                                                        
1 The cluster top size is of few μm, which can be estimated as follows. In particular, the elastic (bending) energy of 
the generic fiber at a distance 𝑟 < 𝐿 from the relative cluster axis is 𝑈𝐸,𝑓 = 𝜋𝑅
2𝑟𝐸[(𝜆 − 𝐷) 𝐷⁄ ]2/2, where 𝐷 =
2𝑅 is the fiber diameter, 𝐸 the elastic modulus, 𝜆 the lattice constant describing the pore spacing and 𝐿 the 
fiber length. For 𝑟 > 𝐿 the stored elastic energy reads 𝑈𝐸,𝑓 = 𝜋𝑅
2𝐿𝐸[𝑟 𝜆⁄ ∙ (𝜆 − 𝐷) 𝐿⁄ ]2/2, i.e. it increases even 
faster for external fibers. The fiber adhesion energy reads 𝑈𝐴𝐷,𝑓 = −2𝜋𝑅∆𝜎(𝐿 − 𝜆 + 𝐷) ≈ −2𝜋𝑅∆𝜎𝐿. Thus, for 
relatively small 𝜆 (i.e. 𝜆 ≪ 𝐿) the total energy for a cluster of fiber with size 𝑟  is simply 𝑈 = ∫ 𝑑𝐴 (𝑈𝐸,𝑓 +
𝑟
0
𝑈𝐴𝐷,𝑓)𝑁, where N is the pore area density. The minimum energy will be obtained for 𝜕𝑈/𝜕𝑟 = 0, which gives (by 
considering only the 𝑟 dependency of 𝑈𝐸,𝑓 for simplicity) neglecting prefactors 𝑟 ≈ (∆𝜎𝐿)/(𝐸𝑅) ∙ [𝜆/(𝜆 − 𝐷)]
2. 
The top cluster size is instead 𝑟𝐷/𝜆. In our case, assuming 𝐷 = 80𝑛𝑚, 𝜆 = 200𝑛𝑚, 𝐿 = 3𝜇𝑚, 𝐸 = 106𝑃𝑎 and 
Δ𝜎 = 0.05𝑃𝑎 𝑚 we obtain 𝑟𝐷/𝜆 ≈ 4𝜇𝑚, a value in accordance with experiments. Of course, when 𝜆 → 𝐷, the 
cluster size goes to infinity. 
  
 
Figure S6: SEM micrographs of the low pore-density gel fibers array, at increasing resolution. 
 
Figure S7: Friction coefficient as a function of time for the low pore-density PAA gel fibers array 
in weak basic solution (pH=10). The sliding velocity is 0.01 m/s, and the normal load 20 N. 
 
Indeed, reducing the pore area density affects the formation of a continuum hydrogel layer 
  
during run-in, which instead appears discontinuous even after a long time exposure to the friction 
test, Figure S8. 
 
 
Figure S8: The morphology of the low area-density PAA gel fibers array after friction test for 
1800s, under 20N load with sliding velocity of 0.01m/s. 
 
Furthermore, as confirmed by the analytical model below, decreasing the solution pH leads 
to wear-driven unsteady friction, as shown in Figure S9. 
Finally, atomic force microscopy (AFM) imaging is adopted to measure the surface 
topography of the gel layer. We have used the Agilent Technologies 5500 AFM, under MacMode 
Pico SPM magnetically-driven dynamic force mode, with commercially available type II MAC 
levers (nominal force constant of 2.8N/m ) at a driving frequency of 75  and 24KHz  in, 
respectively, air and liquid environment. In the typical experiment, the sample is tightly fixed onto 
sample cell (diameter 15mm, height 3mm) and scanned first in dry environment. Moreover, 
100μL acid media (pH = 3) is injected onto the sample cell with 5min waiting time before 
scanning in the wet environment. The acid solution is then extracted from the sample cell, and 
washed with deionized water. A similar procedure is followed for the pH = 10 solution. The 
scanning size is 10 × 10𝜇m. The measured root-mean-square surface roughness (ℎrms) of the 
AAO-PAA fibers array is ≈ 0.04𝜇m under dry (friction-untested) state, ≈ 10nm under swollen 
  
state, and ≈ 0.2𝜇m under dehydrated state. The ℎrms of the AAO membrane is ≈ 20nm. The 
residual volume rate (free volume without gel fibers) is ≈ 61%  for 3𝜇m  array thickness, 
considering a pore density of ≈ 5 ⋅ 109cm−2. 
 
 
 
Figure S9: Friction coefficient as a function of time for the PAA gel fibers array wetted by acid 
media (pH = 3). The sliding velocity is 0.01 m/s, and the normal load 3 N. 
 
S4: A scaling chemo-fluid-mechanics theory of hydrogel-slab lubrication 
We apply the chemical momentum, the mechanical momentum, and the mass continuity to 
the contact geometry reported in the schematic of Figure 6a. The solution volume is assumed to 
behave as an isothermal bath of both ions and solvent molecules. In particular, 𝑐+̅  (molar 
concentration for the counter-ion), 𝑐−̅ (co-ion) and 𝑐?̅?+  (molar concentration of the hydronium) 
are assumed constant. 𝑐?̅?+  can be determined from the pH of the solution (𝑐?̅?+ = 10
−pH ), 
whereas 𝑐+̅  (and 𝑐−̅ ) can be determined from the dissociation constant (𝐾d|HA = [𝐴
−][𝐻+]/
[𝐻𝐴], or 𝐾d|BOH = [𝐵
+][𝑂𝐻−]/[𝐵𝑂𝐻]) and by application of electro-neutrality (𝑐?̅?+ + 𝑐+̅ = 𝑐−̅). 
Similar considerations apply for buffered solutions. Moreover, under sliding conditions, we 
neglect the charges diffusion dynamics with respect to mechanical flow dynamics in the interfacial 
mass transport. Indeed, we can estimate the flow rate induced by the concentration gradient 
Δ𝑐𝑘/𝑎H , where 𝑎H  is a contact size and 𝐷𝑘  is the diffusion coefficient for the generic ion 
species, as 𝑈𝑘 ≈ 𝐷𝑘Δ𝑐𝑘/(𝑎H𝑐𝑘). Typically 𝐷𝑘 ≈ 10
−8m2/s, 𝑎H ≈ 10
−3m (Hertzian contact 
  
radius for soft contacts) resulting in 𝑈𝑘 ≈ 10
−5  m/s, i.e. the charge-induced flow dynamics is 
usually negligible if compared with the mechanically-induced mass transport (compare with the 
velocity range of Figure 3b of the manuscript). 
 
(1) Static contact. 
We first consider the case of (mechanically) unloaded hydrogel; 𝑡0  is the thickness of the 
hydrogel in absence of solution (unswollen state). When solution is added, we impose the chemical 
and mechanical equilibrium, as well as electro-neutrality both in and out the hydrogel volume. 
Hence, by defining 𝑐+  (molar concentration for the counter-ion), 𝑐−  (co-ion), 𝑐𝐻+  (molar 
concentration of the hydronium), 𝑐𝐶𝑂𝑂−  (molar concentration of the dissociated hydrogel acidic 
groups) and 𝑐HA
′  the concentration of ionizable hydrogel groups (measured in the hydrogel 
unswollen volume) chemical equilibrium imposes (Donnan equations) 
  𝑐+/𝑐+̅ = 𝑐𝐻+/𝑐?̅?+ (1) 
  𝑐−/𝑐−̅ = (𝑐𝐻+/𝑐?̅?+)
−1, (2) 
whereas electro-neutrality 
 𝑐𝐻+ + 𝑐+ = 𝑐− + 𝑐𝐶𝑂𝑂− . (3) 
The dissociation constant for the acidic groups imposes: 
 𝐾d|COOH =
𝑐
𝐻+
𝑐𝐶𝑂𝑂−
𝑐HA
′ /𝐻−𝑐𝐶𝑂𝑂−
, (4) 
where 𝐻 is the hydration (volume of hydrogel solution divided by volume of polymers), related 
to the hydrogel thickness 𝑡 through 𝐻 = 𝑡/𝑡0 − 1, and to the hydrogel porosity 𝜙 (volume of 
hydrogel solution divided by total volume) with 𝜙 = 𝐻/(1 + 𝐻). To calculate the hydration, we 
have to solve the mechanical equilibrium for the hydrogel layer. In particular, by considering 𝑡 ≪
𝑎H, where 𝑎H corresponds to the contact size of the interaction, we can easily neglect the in-
contact-plane displacements respect to the out-of-contact-plane displacements, resulting in the 
following constitutive relationship: 
 
∂𝑢z
∂𝑧
=
𝜎el
𝐸gel
, (5) 
where 𝐸gel  is the elastic modulus of the hydrogel (assumed roughly independent from the 
hydration state. Accurate estimations show however this is not necessarily true depending on the 
swelling state, see e.g. Ref. [1]) and 𝜎el is the (locally averaged) elastic normal stress. Assuming 
∂𝑢z/ ∂𝑧 as constant through the thickness of the hydrogel, we have simply that 𝐻 = Δ𝑡/𝑡0 =
  
∂𝑢z/ ∂𝑧 . Moreover, the total normal stress acting in the hydrogel 𝜎 = 𝜎el − 𝑃osmo − 𝑃hydro, 
where 𝑃osmo = 𝑅𝑇 ∑𝑘 𝑐𝑘 − 𝑐?̅?  is the osmotic pressure, and 𝑃hydro is the fluid hydrodynamic 
pressure resulting from the flow dynamics within the hydrogel. Hence, for an infinitely wide 
hydrogel layer in Figure S10(a) and S10(b) we show, respectively, the hydration curve as a 
function of the pH as occurring for the unloaded (hydrogel in equilibrium with the solution bath, 
corresponding to the boundary condition 𝜎 = 𝑃hydro = 0) and loaded (for several loading and gel 
elastic moduli) condition. For our system, the hydrogel contact pressure 𝑝0 can be estimated to 
be ≈ 3/2𝐹0/(𝜋𝑎H
2 ) , where 𝐹0  is the loading force and 𝑎H  the contact radius, 𝑎H
3 =
3𝐹0𝑟b/(4𝐸r,b). For a PDMS ball with a reduced elastic modulus 𝐸r,b ≈ 2.7MPa and radius 𝑟b =
3mm , subjected to a load ranging from 𝐹0 = 0.5N  to 40N , the equivalent pressure varies 
between 𝑝0 ≈ 0.4 and 1.8MPa. Note that for confined hydrogels the elastic modulus (which can 
be controlled e.g. by varying the cross-linking degree) does not affect the swelling pH-based range 
of activation, but only the final hydration value under basic solution. However, most importantly, 
the pH acts as a switch [2] on the hydration state (and, hence, on the actual gel thickness), with a 
pH activation range which decreases when increasing the pressure. Under sliding conditions, 
however, the experimental findings shown in Figure 2b and 2d demonstrate that the pH is not the 
sole physical quantity to determine the frictional response. In particular, increasing the hydrogel 
slab thickness, even in a basic solution, causes friction to increase from a steady 𝜇 ≈ 10−2 up to 
a wear-driven 𝜇 ≈ 1. 
 
(2): Stationary sliding contact.  
Interaction occurring under hydrodynamic conditions (high sliding velocity regime). 
As discussed in the manuscript, a threshold gel thickness exists which allows the contact to operate 
under fully-hydrodynamic conditions. It is observed that the average interfacial separation is 
generated as a consequence of the balance between the sliding-induced inlet flow (𝑣0), and the 
exudation flow from a nominal contact interface. The latter results from the superposition of two 
sources, i.e. the pressure gradient driven flow through the hydrogel (fluid escaping by flowing 
through the hydrogel, 𝑣E,gel), and the side flow occurring at the ball-hydrogel interface (𝑣E,int). In 
the limit of the hydrogel thickness 𝑡 → 0, the inlet flow will be predominantly balanced by the 
side flow dynamics as typically occurring for non-porous soft contacts, whereas for 𝑡 → ∞ the 
inlet flow will percolate inside the hydrogel layer resulting in a negligible separation between the 
  
surfaces. 
 
 
 
Figure S10: Hydration as a function of the 𝑝𝐻, for a 𝑐HA
′ = 1.8M, 𝐸gel = 2.7MPa, 𝑝𝐾d−COOH =
5  and a bath temperature of 𝑇 = 330K. a) Under unloaded condition, and b) under loaded 
condition, for 𝐸gel = 2.7 and 3.7MPa. 
 
 
 
Figure S11: Schematic of the contact geometry, with indication of the different interfacial flow 
contributions. 
 
In the latter case direct asperity-asperity interactions and wear (see Figure 2d), cannot be avoided. 
In particular, by scaling arguments, the conservation of the interfacial flow requires that 𝑣0 +
𝑣L𝑡/ℎ0 ≈ 𝑣E,int, where 𝑣0 is proportional to the sliding-induced inlet flow, 𝑡 is the hydrated slab 
thickness, ℎ0 the average interfacial separation and 𝑣E,int  corresponds to the total interfacial 
expulsion flow (see Figure S11). Moreover, the gel inner flow conservation imposes that 𝑣0 −
𝑣L ≈ 𝑣E,gel , where 𝑣E,gel ≈ 𝜙p𝐹0𝑡
2/(𝜂𝑎H
3 ) corresponds to the expulsion flow through the gel 
slab sides, 𝐹0  to the applied normal load, 𝜂  is the solution viscosity and 𝑎H  is the contact 
  
radius. Hence, by removing 𝑣L, we get: 
 
 
𝑣0
𝑣E,gel
(1 +
𝑡
ℎ0
) =
𝑡
ℎ0
+
𝑣E,int
𝑣E,gel
. (6) 
Imposing in (6) the condition of null average interfacial separation (ℎ0 = 0), and assuming a semi-
dilute limit (i.e. 𝑡 ≈ 𝑡0) returns a scaling relationship for the minimum hydrogel thickness  
 
 𝑡lim ≈ √𝑣0𝜂𝑎H
3 /(𝐹0𝜙p) ≈ √𝑣0𝜂𝑟b/(𝐸r,b𝜙p), 
 
where 𝜙p < 1 is the hydraulic conductivity correction factor which takes into account the flow 
channelling within the hydrogel polymer network. From a standard Bruggeman's theory for a 
random (due to the gel confinement, 𝑡 ≪ 𝑎H ) two-dimensional network of porosities: 𝜙p ≈
(2𝜙 − 1 + |2𝜙 − 1|)/2, where 𝜙 = 𝐻/(1 + 𝐻). In our system, for an hydration state slightly 
larger than ≈ 1, 𝜙p ≈ 10
−1 ÷ 10−2, and for 𝑣0 ≈ 0.1m/s, we expect 𝑡lim ≈ 1 ÷ 10𝜇m. It is 
clear that whilst the exact limiting value of the hydrogel thickness will strongly depend on the 
accurate estimation of the deformed network characteristics, which determine the 𝜙p  value, 
however, the previous 𝑡lim  scaling law allows to accurately identify a threshold limit for a 
successful (i.e. wear-free) hydrogel lubrication, as confirmed by the experimental friction 
outcomes. 
Thus, assuming an hydrodynamic contact to occur (i.e. for 𝑡 < 𝑡lim ), the average 
interfacial separation can be calculated as balance between the inlet flow 𝑣0, the drainage flow 
𝑣E and the flow coming into the contact from the hydration gradient 𝑣L, i.e. 𝑣0 + 𝑣L ≈ 𝑣E where 
𝑣E(ℎ0) = 𝐹0ℎ0
2/(𝜂𝑎H
3 ), and the hydration flow 𝑣L(ℎ0) ≈ (𝑉0
Δ𝑡
𝑎H
)
𝑎H
2
𝑎Hℎ0
. This results into: 
 
 Δ?̅? = ℎ̅0
3 − ℎ̅0, (7) 
 
where Δ?̅? = Δ𝐻𝑡0/(2ℎl) and ℎ̅0 = ℎ0/ℎl , with ℎl = √𝑣0𝜂𝑟b/𝐸r,b  the hydrodynamic lift in 
absence of hydrogel layer [see e.g. Eq. (7) in Ref. [3]]. 𝐻H = 𝐻0 − Δ𝐻 is the hydration calculated 
at the Hertzian contact pressure, whereas 𝐻0 is the hydration in the unloaded condition. It is 
observed that, within 𝑡 < 𝑡lim, increasing the hydrogel thickness 𝑡 (as well as the normal load in 
  
basic bath, due to the decrease of 𝐻H) increases the effective hydration gain Δ?̅?, i.e. a larger 
hydrodynamic lift is obtained as a consequence of the contact-induced hydrogel-ejected fluid. For 
a sliding velocity of 10−2m/s, a solution viscosity 𝜂 = 0.001Pa s, a hydration variation Δ𝐻 ≈
0.1 (see Figure 6b) and an initial (unswollen) hydrogel thickness 𝑡0 ≈ 1𝜇m, for the PDMS ball 
of radius 𝑟b = 3mm we have ℎ̅0 ≈ 1.3, i.e. a 30% increase of the hydrodynamic lift with 
respect to the unhydrated case. 
The viscous shearing-induced sliding friction force 𝐹T = 𝜂𝑣0𝜋𝑎H
2 /ℎ0 will result in the 
friction coefficient 𝜇EHL = 3𝜋𝑟b𝑡0𝜂𝑣0/(4𝑎Hℎ0𝑡0𝐸r,b), i.e.  
 𝜇EHL ≈ ℎ̅0
−1?̅?0
1/2
?̅?−1/3 
where ?̅?0 = 𝑣0𝜂/(𝐸r,b𝑟b) and ?̅? = 𝐹0/(𝐸r,b𝑟b
2). The dissipation contribution coming from the 
hydrogel contact-induced deswelling dynamics, occurring within the hydrogel, acts on a time scale 
which can be estimated by calculating the squeeze out flow 𝜋𝑎H
2 Δ𝑡𝜏r,gel
−1 ≈ 𝜋𝑎H𝑝0𝑡
3𝜙p/(𝑎H6𝜂), 
from which (assuming 𝜙p  of order 1, and neglecting prefactors) we obtain the main gel 
dissipation relaxation time: 
 𝜏r,gel ≈
𝜂
𝑝0
𝑎H
2 𝑡0Δ𝐻(𝑝0,pH)
𝑡3
. (8) 
𝜏r,gel ≈ 10
−4𝑠 in our experiment. For a viscoelastic slab it has been analytically demonstrated [4] 
that the sliding friction, originating from the dissipation occurring during the sliding indentation, 
is approximately given by: 
 𝜇gel ≈ 𝛼𝑝0/𝐸r,gel−0  tan𝛿, (9) 
where 𝐸r,gel−0 is the relaxed reduced gel elastic modulus, 𝑝0 is the externally applied average 
contact pressure [𝑝0 = 𝐹0/(𝜋𝑎H
2 )], and in our case tan𝛿 ≈ 𝜔𝜏r,gel  with 𝜔 = 𝜋𝑣0/𝑎H. 𝛼 is a 
geometric pre-factor of order unity (𝛼 = 2.34 in the exact theory [4] for bulky dissipation, but we 
expect 𝛼 < 2.34 for a confined dissipation). Moreover, since for our system tan𝛿 ≈ 𝜔𝜏r, where 
𝜔 = 𝜋𝑣0/𝑎H, we have that 𝜇gel has a linear dependence with sliding velocity 𝑣0𝜏r/𝑟b. Hence 
we obtain  
 𝜇gel ≈ ?̅?0?̅?
1/3Δ?̃?, 
where Δ?̃? = Δ𝐻𝐸r,b𝑟b
2/(𝐸r,gel−0𝑡
2) is the effective deswelling of the hydrogel slab. 
 
 
  
Interaction occurring under boundary conditions (low sliding velocity regime). 
At relatively small values of sliding speed, the combined deswelling and sliding inlet flow are no 
more sufficient to determine enough hydrodynamic lift to keep separated the surfaces from 
intimate contact. 
 
 
 
Figure S12: Schematic of the bonding/debonding friction process at the polymer length scale. The 
polymer blobs are expected to be randomly distributed at the local interface with root-mean-square 
height ≈ 𝑅b . Hence, depending on the local polymer-scale average interfacial separation, a 
different number of live bonds will determine the friction process. We take into account this 
random heights distribution in the friction process by reducing the effective polymer/substrate 
binding energy of the polymer-scale interfacial stored elastic energy, which is here approximately 
calculated within classical random contact mechanics. 
 
In such a case, asperity-asperity interactions will dominate. The normalized real contact area 
𝐴c/𝐴0 can be calculated within random roughness contact mechanics with 𝐴c/𝐴0 = 𝐴(𝑞1)/𝐴0
[5], 
where 𝑞1 is of order of the atomic corrugation frequency and 
 
 𝐴c/𝐴0 = erf (
1
2√𝐺
), (10) 
 
where 𝐺 = 2𝜋/(8𝑝0
2) ∫
𝑞1
𝑞0
𝑑𝑞𝑞3𝐶(𝑞)|𝐸c|
2. 𝐸c is the combined interfacial visco-elastic modulus, 
which in our case reads 
 𝐸c(𝑞)
−1 = 𝐸r,gel(𝜋𝑣0/𝑎H)
−1𝑆(𝑞) + 𝐸r,b
−1, (11) 
with 𝐸r,gel(𝜔) = 𝐸r,gel−0(1 − 𝑖𝜔𝜏r,gel).𝐶(𝑞) is the roughness power spectral density of the gel 
  
surface [e.g. 𝐶(𝑞) =
𝐻
𝜋
⟨ℎ2⟩
𝑞0
2 (
𝑞
𝑞0
)
−2(1+𝐻)
 in case of self-affine isotropic roughness], and  
 
 𝑆(𝑞) =
(3−4𝜈gel)sinh(2𝑞𝑡)−2𝑞𝑡
(3−4𝜈gel)cosh(2𝑞𝑡)+2(𝑞𝑡)
2−4𝜈gel(3−2𝜈gel)+5
 
 
[𝑆(𝑞)[6] takes into account the finite 𝑡 ≈ 1𝜇m hydrogel layer thickness into the evaluation of the 
interfacial stored elastic energy]. For our system, we have found an almost independence of the 
contact area with respect to the sliding velocity, as due by the slow velocity dependence of the 
hydrogel complex elastic modulus at the roughness length scale. By considering that the measured 
hydrogel surface root-mean-square roughness in the basic (swollen) and acid solution case is, 
respectively, ℎrms ≈ 0.02𝜇m and ≈ 0.1𝜇m, and for the case reported in Figure 3b (squeezing 
load 𝐹0 = 20N), we get a normalized true contact area 𝐴c/𝐴0 ≈ 0.04 and a true contact shear 
stress 𝜏 ≈ 2.3MPa for the acid solution (where 𝜇 = 0.33), whereas 𝐴c/𝐴0 ≈ 0.50 and 𝜏 ≈
10kPa for the basic solution (𝜇 = 0.0077). Whilst for the acid-pH case the calculated true shear 
stress is comparable to those values typically encountered in soft (polymers) interactions, the two-
orders of magnitude reduction characterizing the basic-pH bath has to be related to a hydration 
process. Moreover, the swelling further reduces the true polymer contact area by a factor 𝐴p/𝐴c ≈
𝑉0/𝑉c = (1 + 𝐻)
−1 , where 𝑉0  and 𝑉c  are, respectively, the gel volume in the unswollen and 
swollen state. Finally, the sliding friction under boundary lubrication can be calculated from  
 
 𝜇BL = 𝜏w𝐴c/(𝑝0𝐴0)(1 + 𝐻)
−1 
 
where 𝜏w is the shear stress originating from the bonding-debonding process of polymer chains 
onto the opposite surface. 
In particular, we first stress that the true wall shear stress in hydrogels is strongly dependent 
on the nature and strength of the interfacial interaction in liquid, which results in a wide range of 
frictional coefficients ranging from 0.001 to 10.[7, 8] As an example, friction coming from water-
lubricated polyelectrolyte hydrogels is strongly dependent on the charge of the counter-surfaces.[10] 
For a zwitterion hydrogel (nominally electro-neutral) in sliding contact with a glass substrate in 
water solution, and for pH beyond the isoelectric point, an hydrated lubrication regime occurs, due 
to the formation of an electric double layer repulsion (with a Debye length 𝑙D of about 1nm at 
  
the given ionic strength [9]) between the two like charged surfaces (SiO− and COOH−). However, 
differently from Ref.[9] where the true shear stress in the hydrated stage is of order of 𝜏H−glass ≈
102Pa  (the dissipation in the gel-glass interface occurs as a consequence of shearing a thin 
solution layer of thickness ℎ0 ≈ 𝑙D ≈ 1nm, which corresponds to a shear stress ≈ 10
2Pa at at 
sliding velocity of 10−4m/s[12]), in our case the shear stress is of order 𝜏H−PDMS ≈ 10
4Pa. 
However, this two-orders of magnitude difference can be justified within the Schallamach polymer 
friction theory involving bonding/debonding process. 
According to the standard Schallamach process 𝜏w ≈ 𝑁0𝑀𝑣0𝑡,̅ where 𝑁0 is the (average) 
nominal number of live bonds, 𝑡̅ is the bond age, and 𝑀 is the bond elastic stiffness [where from 
the 𝐶∗ scaling theory [10] the (single) polymer elongation stiffness 𝑀 ≈ 𝐸gel𝑅b, where 𝑅b is the 
size corresponding to an average polymer blob radius]. The number of live bonds 𝑁0 can be 
modified by regulating the corresponding thermally-activated bonding process and in particular, 
for our system, by regulating the double layer pressure 𝑝r (proportional to 𝜁gel𝜁PDMS , where 𝜁gel 
and 𝜁PDMS are, respectively, the surface potential of both hydrogel and PDMS counter-surface) 
through the solution pH. This in turns affects the number of live bonds by increasing (or 
decreasing) the average bond energetic barrier through the interfacial-stored free contact 
(interaction) energy. In particular, when considering the superficial polymers as randomly 
distributed blobs with root mean square radius 𝑅b (see Figure S12), the stored elastic energy 
available at the interface might be determined within a standard random contact mechanics 
process. In particular, when considering the local average interfacial separation between 
blobs/counter-surface to be 𝑢, a random interaction occurs under an average contact pressure 
𝑝c ≈ 𝑒
−𝑢/𝑅b [14], determining (by integration) an interfacial stored elastic energy 𝑈e ≈ 𝑅b
3𝑝c. The 
latter decreases the bond (algebraic) energetic barrier. When including the double layer formation 
in the local equilibrium, 𝑝c  will be related to the externally applied pressure 𝑝0 through the 
equilibrium equation 𝑝0 = 𝑝c + 𝑝r  (𝑝0 − 𝑝r  corresponds to the PDMS free chains/hydrogel 
repulsive pressure), where 𝑝r ∝ 𝜁gel𝜁PDMS . Hence we get 𝜏 ≈ 𝑁𝑀𝑣0𝑡̅ , where 𝑁 =
𝑁0𝑒
−𝑅b
3(𝑝r−𝑝0)/(𝑘B𝑇), resulting into  
 𝜏w ≈ 𝑁0𝑒
−
𝑟b
3 (𝑝r−𝑝0)
𝑘B𝑇 𝑀𝑣0𝑡̅. 
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